Background: Endothelial activation and damage occur early during sepsis, with activated coagulopathy and playing a major role in the pathophysiology of sepsis-induced acute kidney injury (AKI). The aim of this study was to compare the various biomarkers of endothelial injury with the biomarkers of coagulation and inflammation and to determine a significant predictor of AKI in patients with sepsis.
Background
Sepsis represents a life-threatening organ dysfunction caused by an aberrant or dysregulated host response to infection [1] . In particular, acute kidney injury (AKI) is one of the most frequent types of organ dysfunction that typically appears early in the course of sepsis. Nearly half of the patients develop AKI in the intensive care unit (ICU) setting, and the presence of AKI in these patients leads to an increase in mortality up to 30-50% [2] [3] [4] .
The high mortality rate associated with septic AKI may partially be explained by an incomplete understanding of its pathophysiology and a delay in diagnosis. Currently, the diagnosis of AKI is based on either an elevation of serum creatinine levels or the detection of oliguria [5] . These criteria, however, are not specific with respect to the etiology or pathophysiological mechanisms of AKI and have limited sensitivity and specificity for the early recognition of renal dysfunction. The introduction of new biomarkers that are related to the underlying pathogenesis of AKI may allow earlier diagnosis and better prognostication of the clinical course in patients with sepsis.
Endothelial injury is a key feature of sepsis, and the activation and damage of endothelial cells are closely linked with organ dysfunction [6, 7] . Previous studies highlighted systemic hypotension and ischemiareperfusion injury as the primary pathophysiology involved in septic AKI. Recently, however, it has been shown that septic AKI occurs in the setting of microvascular dysfunction, which is altered by endothelial injury [8] [9] [10] . In addition to their role in controlling vasoconstriction/vasodilation and vascular permeability, endothelial cells are essential for maintaining the balance between coagulation and anticoagulation, and they play a prominent role in all three major pathogenic pathways associated with coagulopathy in sepsis: increased tissue factor-mediated thrombin generation; dysfunction of antithrombin and the thrombomodulin-protein C anticoagulant system; and blocked fibrinolysis, which is induced by increased plasminogen activator inhibitor-1 (PAI-1) expression. During sepsis, exposure to inflammatory mediators and interaction with immune cells causes endothelial activation. The activated or injured endothelial cells exert enhanced procoagulatory activities, which contribute to the formation of a large number of microthrombi, leading to microcirculatory failure [6, 11] . Therefore, markers that reflect endothelial injury and its associated coagulopathy could potentially predict the development of AKI and may play a role in promoting clinical research for underlying mechanisms.
To date, several biomarkers of endothelial injury have been evaluated regarding their association with AKI, such as endothelium-derived markers (e.g., thrombomodulin, PAI-1, E-selectin) and markers activated by endothelial cells (e.g., protein C) [12] [13] [14] [15] [16] [17] . Most studies, however, were relatively small, conducted in the critical care setting, not focused on sepsis-induced AKI. Also, endothelial function is closely related to coagulopathy; however, there have been few studies in which this relationship has been evaluated. Finally, it remains unclear whether biomarkers of endothelial injury can predict the development of AKI in patients with sepsis.
We report our comparisons of various biomarkers of endothelial injury as predictors of AKI among 514 eligible patients with sepsis admitted to the ICU over a 5-year study period. We also evaluated biomarkers of coagulopathy, parameters of inflammation and organ function, and parameters of endothelial injury to compare their discriminative power in AKI prediction.
Methods

Study design and setting
This was a single-center, retrospective, observational study conducted in a 14-bed general ICU of a university hospital (Tochigi, Japan) from June 2011 to December 2016. Laboratory tests, including those for measuring levels of biomarkers of endothelial injury and coagulopathy, were routinely performed at our institute and were partly used for published data [18] . Clinical decisions were made at the discretion of attending ICU physicians. The study protocol was approved by the institutional research ethics committee of Jichi Medical University Hospital. Informed consent was waived because of the retrospective nature of this study.
Participants
Patients were eligible for enrollment if they were aged 20 years or older and had sepsis at the time of ICU admission. Patients in whom levels of one of the endothelial biomarkers was measured were included in this study. Exclusion criteria included patients with endstage renal disease requiring dialysis, missing laboratory data on the day of ICU admission, or missing records of hourly urinary output or body weight, which are necessary for the diagnosis of AKI. The prothrombin time (PT) was excluded from the biomarkers of coagulopathy in patients for whom warfarin had been prescribed for any reason. Patient baseline data, including age, sex, body weight, site of infection, and premorbid creatinine level, were collected from electronic medical records. Underlying medical history was also obtained, including ischemic heart disease, chronic heart failure, chronic obstructive pulmonary disease, cerebrovascular accident, diabetes mellitus, or immunocompromised state. Immunocompromised patients were defined as individuals who had been prescribed any immunosuppressive agent. The Acute Physiology and Chronic Health Evaluation II (APACHE II) score [19] and Sequential Organ Failure Assessment (SOFA) score without the renal system parameter (nonrenal SOFA) [20] were used for assessment of illness severity. All patients were reviewed for the development of AKI during the first 48 h of their ICU stay and for the presence of septic shock, overt disseminated intravascular coagulation (DIC), requirement for mechanical ventilation, and mortality at 28 and 90 days.
Definitions
We defined AKI according to Kidney Disease: Improving Global Outcomes (KDIGO) criteria [5] using an increase in serum creatinine level ≥ 0.3 mg/dl (≥26.5 μmol/L) within 48 h or an increase in serum creatinine ≥ 1.5 times of baseline within 7 days, which corresponds to stage 1 of the KDIGO classification. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate (eGFR) < 60 ml/minute/1.73 m 2 [21] using baseline creatinine. To define the baseline creatinine level, we used a stable value within 1 year before hospital admission as premorbid creatinine. If the baseline creatinine level was not available, the Modification of Diet in Renal Disease equation was used to assume a baseline eGFR of 75 ml/minute/1.73 m 2 [22] . Sepsis and septic shock were defined according to the Third International Consensus Definitions for Sepsis and Septic Shock [1] . Overt DIC was defined according to the criteria of the International Society on Thrombosis and Haemostasis [23] .
Biomarker measurement and laboratory analysis
Thirteen biomarkers of endothelial injury (soluble thrombomodulin [sTM], PAI-1, protein C, and Eselectin) and coagulation derangement (platelet count,
were measured on ICU admission. sTM concentration was determined using the STACIA chemiluminescence enzyme immunoassay with reagent (LSI Medience, Tokyo, Japan). The levels of PAI-1 and E-selectin were measured using tissue plasminogen activator inhibitor and sES latex photometric immunoassays, respectively (Mitsubishi Chemical Medience, Tokyo, Japan). Berichrom® assays (Siemens Healthcare Diagnostics, Tokyo, Japan) were used to determine the activities of protein C, AT III, plasminogen, and α 2 -PI. TAT and PIC F enzyme immunoassays (Sysmex, Hyogo, Japan) were used for measurement of TAT and PIC levels, respectively. Blood coagulation, including those for platelet count, PT, FDP, and fibrinogen, was assayed using the CS-2100i automatic coagulation analyzer (Sysmex). We also measured the following inflammatory and biochemistry parameters on the day of ICU admission: C-reactive protein (CRP), white blood cell count (WBC), blood urea nitrogen (BUN), serum creatinine, albumin, total bilirubin, lactate, brain natriuretic peptide (BNP), and serum cystatin C.
Statistical analysis
Categorical variables were compared between the two groups using the chi-square test. To determine factors relevant for predicting AKI, we conducted multivariate logistic regression analysis with AKI as the dependent variable and evaluated unadjusted and adjusted ORs. In this analysis, we used model 1 (endothelial biomarkers [sTM and protein C], all coagulation biomarkers including overt DIC, and inflammation parameters [WBC and CRP]) and model 2 (endothelial biomarkers, all coagulation biomarkers including overt DIC, inflammation parameters, organ function [APACHE II, baseline creatinine, BNP, nonrenal SOFA, albumin, total bilirubin, hemoglobin, and presence of septic shock], age, and presence of hypertension) to calculate the adjusted OR. A forward stepwise elimination process was used to remove insignificant variables by each model. The ability of biomarkers to predict AKI was assessed using the AUROC [24] . All analyses were performed using JMP 13 software (SAS Institute, Cary, NC, USA). Data are presented as medians and IQRs (25th-75th percentiles) or percentages. P values < 0.05 were considered significant.
Results
Enrollment and baseline characteristics
There were 5764 patients considered for participation during the study period. Among these, 651 patients presented with sepsis. Among the patients who were excluded, 50 had received dialysis because of end-stage renal failure, 5 had omission of hourly urinary output or body weight, and 82 had omission of laboratory data on the day of ICU admission. In total, 514 patients were included and divided into the AKI (n = 351) and non-AKI (n = 163) groups (Table 1 ). In the AKI group compared with the non-AKI group, age was significantly older (71 vs. 65 years, P = 0.003); APACHE II score was significantly higher (26 vs. 19, P < 0.0001); and CKD was significantly more common (31.1% vs. 21.5%, P = 0.032). Mechanical ventilation was significantly higher (85.8% vs. 76.7%, P = 0.011) in the AKI group. The 28-day (15.6% vs. 3.1%, P < 0.0001) and 90-day (24.5% vs. 8.4%, P < 0.0001) mortality rates were also significantly higher in the AKI group than in the non-AKI group.
Laboratory tests and endothelial biomarkers in AKI and non-AKI groups Table 2 shows the measured variables between the two groups. Among the endothelial biomarkers, sTM (23.6 vs. 15.6 U/ml, P < 0.0001) and E-selectin (65.5 vs. 46.2 ng/ml, P = 0.0497) levels were both significantly higher in patients with AKI than in those without AKI. Also, protein C activity (45.9% vs. 58.7%, P < 0.0001) was significantly lower, and the level of PAI-1 (180.4 vs. 75.3 ng/ml, P = 0.018) was significantly higher, in the AKI group. As for parameters of inflammation and organ function, the following were all significantly different in the AKI group compared with in the non-AKI group: CRP, BUN, serum creatinine, cystatin C, BNP, albumin, hemoglobin, lactate, the proportion of patients with septic shock, nonrenal SOFA score, and number of overt DIC cases. As for the coagulation biomarkers, platelet count, PT, FDP, AT III, plasminogen, and α 2 -PI were significantly different for patients in the AKI group compared with in the non-AKI group. In addition, each variable for biomarkers of endothelial injury and coagulopathy was analyzed using AUROC ( Table 3 
Multivariate analysis to identify factors predictive of AKI
To identify the predictable factors of AKI, we performed multivariate logistic regression analysis using model 1 and model 2. In both models, sTM was an independent significant predictor of AKI. The nonadjusted OR of sTM was 1.11 (1.06-1.17, P < 0.003); the adjusted OR of model 1 was 1.10 (1.04-1.16, P = 0.001) and that of model 2 was 1.09 (1.04-1.16, P = 0.004) ( Table 4) . 
Relationship of sTM and CKD at time of ICU admission
Researchers in previous studies have reported that sTM was elevated in patients with CKD compared with healthy subjects [24, 25] . Therefore, we analyzed whether the sTM level was different according to the presence or absence of CKD (premorbid eGFR < 60 ml/minute/1.73 m 2 ). In the non-AKI group, there was a significant difference in sTM levels between patients who presented with vs. without CKD (20.4 vs. 13.6 U/ml, P = 0.049). Furthermore, in both groups with and without CKD, patients who presented with AKI had significantly higher levels of sTM than those without AKI (31.4 vs. 20.4 U/ml, P = 0.013; 22.9 vs. 13.6 U/ml, P = 0.001, respectively), suggesting that the elevated sTM was related more to the development of AKI than to baseline renal function (Fig. 1) .
Discussion
In this study, the AKI group presented not only endothelial injury but also activation of the coagulation system and the development of organ dysfunction. However, multivariate logistic regression analysis showed that only sTM was an independent significant factor compared with several indices of coagulation activation, inflammation, and organ dysfunction. During the clinical course of sepsis, endothelial injury may occur initially, and then subsequent activation of coagulation leads to organ dysfunction [10] . On the basis of results of multivariable logistic regression analysis, we speculate that endothelial injury occurs as a result of inflammation in sepsis, which in turn results in AKI. Thrombomodulin (TM) is a thrombin receptor expressed on the surface of endothelial cells. Once thrombin binds with endothelial TM, protein C is activated, and sTM is released into the bloodstream, which inactivates the procoagulant function of thrombin. There is some evidence that increased sTM levels are indicative of endothelial injury, with correlations to DIC, multiple organ failure (MOF), and mortality [7, 26, 27] . However, only three studies have been focused on the relationship between AKI and sTM. In a multicenter, prospective, observational study, sTM and protein C were shown to be predictable markers of AKI in critical care settings [16] , whereas in another study, sTM and angiopoietin-2 were shown to play important roles in the development of AKI in patients with acute myocardial infarction [17] . Investigators in another study reported that the high levels of sTM were associated with reduction in the chance of recovery prior to renal function in patients with AKI [28] . However, neither of these studies was focused specifically on patients with sepsis and evaluated the comparison between endothelial activity and coagulopathy. In this study, we used two models of multivariate logistic regression analysis to evaluate the relationship between endothelial function, coagulopathy, and inflammation because these parameters are related to each other. The results indicated that elevated sTM, as a marker of endothelial injury, was a strong independent predictive factor for AKI, regardless of coagulopathy, inflammation, and organ function. In previous studies, researchers have reported that elevated sTM and protein C levels are strong predictors of AKI in critically ill patients [16] . In this study, protein C was significantly decreased in AKI; however, protein C was not an independent factor in multivariable analysis. This may be partly because our study population comprised patients with sepsis, which is different from previous studies. Coagulation disorders frequently occur in sepsis and are associated with inflammation, which may account for the lack of significant differences in protein C levels between the groups. In this study, we evaluated coagulation function in more detail; however, even when these were factored into the multivariate analysis, only sTM, and not protein C, remained independently predictive of AKI. These results indicate that protein C is more related to coagulation behavior; it may not be a good predictor for AKI.
Some studies have indicated that sTM levels increase in patients with CKD because sTM is excreted by the kidney [25, 29] . Kazama et al. reached this conclusion on the basis of the relationship between decreased urinary TM excretion and increased plasma levels of sTM in patients with CKD [29] . However, no data were available for either creatinine levels or baseline characteristics in their study. In contrast, Lin et al. showed that there was no relationship between sTM and creatinine clearance in patients with septic DIC and/or MOF [7] . Although we did not measure urinary TM in this study, there was a relationship between sTM and CKD in the non-AKI group. However, there was a significant difference in sTM levels in the AKI group, regardless of the presence or absence of CKD. Besides, compared with sTM, the baseline creatinine level was not an independent factor predictive of AKI. In this study, high levels of sTM suggest the predomination of endothelial injury rather than decreases in sTM clearance in patients with sepsis.
In two other studies, researchers found that levels of Eselectin significantly increased in cases of AKI in sepsis, but they measured only the levels of intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin as markers of endothelial injury and did not measure coagulopathy [12, 13] . Therefore, it is unclear whether AKI or coagulation disorders were more predominant, because the presence of coagulation disorders was not verified in these studies. In our study, Eselectin presented with a significantly increased level in the AKI group, but it was not an independent factor with a low AUROC of 0.629. Therefore, we considered it to be insufficient for use as a predictive marker for AKI in sepsis if used as a single parameter.
This study has several strengths. One strength is that this is the first study, to our knowledge, including assessment of sTM as a parameter to evaluate endothelial injury during AKI in sepsis. Another strength is that we provide a detailed examination of coagulation parameters, as well as multivariate analysis and AUROC of the various coagulation parameters, including those of the criteria for overt DIC, which showed that there was an independent relationship between endothelial injury and AKI.
However, our study also has several limitations. First, this study was a single-center, retrospective, observational study. Second, we evaluated four parameters of endothelial injury, but we did not measure other parameters, such as ICAM-1 or VCAM-1. Further studies are needed to evaluate ideal predictive endothelial biomarkers for AKI. Third, data were not available for some biological markers during admission to the ICU. However, this study included a relatively large numbers of patients, which makes these results reliable. Fourth, there was a possibility that AKI had already occurred before admission to the ICU. Therefore, timing of AKI was not always matched for all patients. Further studies are needed to confirm the relationship between endothelial biomarkers and timing of AKI. Finally, we did not evaluate other biomarkers specifically related to AKI, such as urinary neutrophil gelatinase-associated lipocalin [30] and kidney injury molecule-1 [31] . AKI was not only caused by endothelial injury but also confounded by factors such as ischemia or drug toxicity. Therefore, such biomarkers may be superior for the early detection of AKI. However, it is important to evaluate the pathophysiology of AKI in sepsis; it may be associated with any potential clinical intervention for each cause. In this regard, the combination of several biomarkers and definition of AKI may be ideal for evaluating the cause of AKI in sepsis.
Conclusions
We show that sTM is an independent predictor of AKI in sepsis that is superior to other coagulation and inflammation biomarkers as well as organ function. However, further studies are needed to clarify the relationship between biomarkers of endothelial injury and the development of AKI in sepsis. With time, it is hoped that this will facilitate early recognition of endothelial injury and early treatment.
